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(57) Abstract 

A carter comprises a catheter boa', (M» bavin*, proximal end a a ^ ^'^.^^^^^^ 
the distal end (12). Tbe electrode array include, a plurality ol isolated dmrode iw-jW*?^^^ 
common electrode (16) are connected to a high frequency power supply (32) and «<* common < I6 > ~T B, 

on the catheter, ma, be secured separately to a patients akin, or maybe »"--<- P"V* * Ttf^eSSTtotS 
contacting .he electrode array against a target location in the paoenTs body 'he "^^""^ * ^ t Z\^ or 
with the current density being contacted at the points of contact between the electrode terminals (18) and the ° 
^n^nSenal. 1^ example, b, positioning tnTeommoo electrode within a ynouc ^J^TSS 
surface of the stenotic region with the electrode array, the samotfc ma.cr.al can be betted IVW^I * ^^VVbe 
voltage between the electrode array and the common electrode. The stenottc regum can thus recanahxed by advancing 
distal end of the catheter body through the heated stenotic material. ■ 
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1. vim\A of the Invention 

The present invention relates generally to the 
construction and use of catheters for interventional and 
diagnostic procedures. In particular, the present 
invention relates to nethods and apparatus for advancing 
catheters through restrictions and occlusions within body 
15 lumens and cavities. 

Atherosclerosis is a fori of arteriosclerosis 
which is characterized by irregularly distributed 
deposits on the walls of a patient's arteries. Such 
deposits frequently fibrose and. calcify over tine, 
20 seriously co mprom ising the patient's health. 

A number of catheter-based approaches have been 
developed for diagnosing and treating atherosclerosis and 
other forms of arteriosclerosis. The most common 
interventional technique for treating atherosclerosis is 
25 balloon angioplasty where a balloon-tipped catheter is 

introduced to the vascular system, and the balloon 
expanded within a region of stenosis. Other 
interventional techniques include atherectomy , where, for 
example, a catheter having a cup-shaped rotating cutter 
30 is introduced to the vascular system and used to severe 

and capture at least a portion of the stenotic material. 
Other interventional techniques include laser ablation, 
mechanical abrasion, chemical dissolution, and the like. 
Catheter-based diagnostic techniques include ultrasonic 
35 imaging where an ultrasonic transducer disposed at the 

distal end of a vascular catheter is introduced to the 
region of stenosis. 
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With most of these techniques , it is necessary 
to advance tie distal end of the citheter at least partly 
through the stenosed region before the interventional or 
diagnostic procedure can be commenced. While such 
5 initial advancement is often not a problem, it can be 

very problematic when the occlusion is severe and little 
or no lumen remains to receive the catheter. Under such 
circumstances, it is necessary to at least partly 
recanalize the occlusion before the catheter procedure 
10 can begin. 

A number of methods for recanalizing severe 
occlusions have been projpdsed, including the use of hot- 
tipped catheters, laser catheters, arid drill-tipped 
catheters. In general, th6se approaches rely on very 

15 aggressive treatment of tfie stenotic material to open: up 

a passage, vfcere such aggressive techniques can expose 
the blood vessel wall to significant injury, for example, 
vessel perforation, the risk of injury is exacerbated by 
the j|mconst^rained path Which the catheter can follow. 

20 An improved techhi^ue for advancing an 

angioplasty catheter into Ihd optionally through a severe 
occlusions is described in U.S. Patent No. 4,998,933 (the 
entire disclosure of which is hereby Incorporated herein 
by ref erence) , which hais common inventorship with the 

25 present application. A first fclfedtrode is disposed at or 

near the distal tip of thfe angioplasty catheter and a 
second electrode is provided on ah electrically 
conductive guidewire. After the guidewire is at least 
partly advanced into a stenotic material, a high 

30 frequency voltage can be applied between the guidewire 

electrode and the catheter tip electrode in order to 
generate heat' within the stenotic material lying between 
said electrodes. As the stenotic material is heated, it 
is softened, thereby allowing easier advancement of the 

35 angioplasty cathkter . 

Altbbugh a substantial inqirbvement in the art, 
the catheter described in U.S. Patent No. 4,998,933 can 
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cause unwanted shorting of electrical energy by the blood 
: and blood vessel wall during the application of the high 

t*fc < frequency voltage. The catheter employs a single 

discrete electrode at its distal tip. So long as the tip 
5 electrode fully contacts the stenotic material, the 

induced heat Vill be substantially limited to the 
stenotic material. If a portion (or all) of the 
electrode is exposed to the blood vessel wall and/or 
bloody however, cuzxent will begia to flow through the 
10 blood vessel tissue and/or blood, causing the undesired 

shortijig^b*velec^ical,curx Moreover, since both the 

blood vessel wall and the blood have higher electrical 
conductivities than the stenotic material, they will 
carry the current in preference - to* the stenotic mater ia 1 - 
X5 For these reasons, it would be desirable to 

provide ^improved apparatus^and methods; f or advancing 
vasCTl^ ^ca^ietei?s> past severe occlusions in blood 
vessels and other 'body ^lumensr. in particular, it would 
be desirable to r provide improved catheters of the type 
20 described in U^S. Patent No. 4,998,933, where the 

catheter tfbfe selectively heats the atheromatous 
material* It would be further desirable if such 
catheters were able to discriminate between the 
atheromatous mass and the blood vessel /wall 
r '\ 25 (preferentially heating and ablating the former) so that 

the catheter would selectively pass through the atheroma 
as the catheter is advanced through the lumen of the 
blood Vessel. The catheters and methods of the present 
invention should be compatible with a wide variety of 
- 30 interventional and diagnostic devices, particularly being 

compatible with angioplasty catheters. 
2 . Description of the Background Art 

U.S. Patent Ho. 4,998,933, is described above. 
European Patent Publication 182 689 and U.S. Patent No. 
35 4,754,752 describe angioplasty balloon catheters having 

means for internally heating the balloons. A "hot tip" 
catheter having a metal tip heated by a laser is 
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described in Cumberland a X . (1986) Lancet Is 1457- 
U59 U.S. Patent No. 4,654,024, describes, a catheter 
an electrically heated tip for .eltipg atherp-a, 

* describes a catheter having a 

U.S. Patent No. 4,796,622, descries 

tip which is heated by an exothermic reaction. A 
catheter having a. high speed rotating abrasive « 
its distal tip is described in U.S. Patent No. 4,857 046. 
U.S. Patent No. 4,709,698, describes the placement of 
electrode pairs on the surf ace of a dilatation balloon to 
heat atheroma as the balloon is expanded. 

fW W** or ™vgBTlON 
The present invention provides apparatus and 
aethods for localized heating of target locations within 
a patient's body, such as atheromatous mass in blood 
vessels, tissue, and the li*e. The method and apparatus 
are particularly useful for advancing a catheter through 
an occluded region in a blood vessel or other ^^ en ' 
.ore particularly through stenotic regions in blood 
vessels which are fully or almost fully occluded with^ 
stenotic material. Catheter apparatus according to the 
present invention include a catheter body having a 
proximal end, a distal end, and an electrode array 
disposed near the distal end. The electrode array 
includes a plurality of isolated electrode termxnals 
typically forming the distal tip of the catheter. A 
common electrode is provided and contacted with the 
patient's body to complete an electrically ccnductxve 
path with the electrode array. The common electrode may 
be disposed on the catheter body proximally of the 
electrode array, or may be disposed distally of the 
electrode array, typically on or as part of a -vable 
ouidewire. As a third alternative, the common elecrrode 
may be provided as a discrete member which can be 
attached externally to the patient's sxin. In each case, 
heating of the stenotic or other occluding materxal or 
aigh resistance tissue can be achieved by, contacting the 
electrode array with the target location, e.g., a leading 
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portion of the stenotic material* By then applying high 
frequency voltage between the electrode array and the 
common electrode, heating of the target location will 
result* 

5 According to a particular aspect of the present 

invention, heating is directed primarily to the target 
location by limiting the current flow through each 
electrode terminal in the electrode array. In this wayy 
more power is applied to the high resistance (low 

10 conductivity) tissue or stenotic material relative to the 

low resistance (high conductivity) bipod and blood vessel 
wall, current flow may be limited by active or passive 
devices, with an exemplary system employing a plurality 
of current limiting. r^isZo^,^ytxth.,at,: leest one current. 

15 limiting resistor in series - with, each electrode terminal. 

The catheter of the present invention, may be . 
usetLalone in order.to- h^tiva target location e.g., to. 
. . recanalize ..a^$tjmo|^regi(^,«it^. a blood vessel. 

Optionally,, the^ catheter may. be -used,, in , combination with- 

20 other, interventional or diagnostic- devices, ; in order^to 

provide a multiple step treatment and/ or diagnostic 
procedure. In particular, it will be possible to provide 
the electrode, array of the present invention in 
combination with or at the distal end of catheters which 

25 employ other interventional and/ or- diagnostic elements, 

such as dilatation balloons, lasers, ultrasonic 
transducers, and the like. Bfy employing catheters having 
such additional capabilities, the need to exchange 
catheters is reduced or eliminated. 

30 A particular advantage of catheters constructed 

in accordance with the principles of the present 
invention is that they can be • sae-lf «^iding£ when 
introduced through a blood vessel. Since the elecrcrode 
array heats atheromatous material in preference to the 

35 blood vessel wall, the catheter can be , advanced without 

substantial concern over damage to the blood vessel wall. 
That is, the path of the catheter will be preferentially 
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bW ^te^er preset, invention Vill 

. f .r*,lY inclu.. a t«p«r.tur. «..surin, or s.n.mg 
preferably inclu pr.fr.bly vithin the 

*; . .STK-rS- - -sere - — ^ 
or stenotic material being trearea 

distributed through ^ eiectrode array ^ 
, , determine the texture profile ature 
, « Temperature information obtained froa the temper 

.^Lg elements can be used to ^^J^ 
output to the electrodes in Order to control the 
output *o ui _«» nt ic aiaterial within a desired 

3 •.. temperature of the stenotic aateii 

t M l is a perspective view of a catheter 

P wltn tnrt principles of 

20 the present invention, where the catheter 

— View of the distal end of 

the catheter 6f Fig. 1> shown in ^ q£ ^ 

Fig. * is an end view of the distal «P 

- 1-3 in the r.«u»lir.eion of « eteeoerf r«ron 

^ a >>W v«eel «eor.in 9 to t,e «M of *~ 
pe^et ^e^eie. of a —ft 

Ufcitin, P~«r «W« 

m . »o in tL recae.lle.eien of a se.no.ea r„ion vitnan 
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a blood vessel according to the method of the present 
invention. 

Fig. 12 illustrates a third embodiment of a 
catheter constructed in accordance with the principles of 
the present invention in combination with an anchoring 
catheter sheath. 

Fig. 13 illustrates the use of the catheter and 
catheter sheath of Fig* 12 in the recana ligation of a 
stenosed region within a blood vessel according to the 
method of the, present invention. . : ; ^ 

DESCHXPTIO H OP THE gRgpgRRgD EMBnpnrpffl^ 

: This invention provides a method and apparatus 
for ; selectively heating a target loqat ion within a 
patient's body, such as solid tissue, a body lumen, or 
the. like, particularly including atheromatous material 

... which partially or fully occludes a blood vessel or other 
body lumen. In addition to blood vessels, body lumens 
which may be treated by the method and apparatus of the 
present .invention include the urinary tract (which for 
example may be occluded by an enlarged prostrate in 

... males) , the fallopian tubes (which may be occluded and 
cause infertility) ,-and the liXe. For convenience, the 
remaining disclosure will be directed specif ically at the 
treatment of blood vessels but it will be appreciated 
thnt the apparatus and methods can be applied equally 

. well to other body lumens and passages. 

The stenotic material in bloo^ vessels will be 
atheroma or atheromatous plaque, and may be relatively 
soft (fresh) or may be in advance stages of 
atherosclerosis and hardened. The present invention uses 
^n electrode array including a plurality of independently 
controlled electrodes distributed over the distal portion 
of a catheter to apply heat selectively to the stenotic 
material while limiting the unwanted heating of the blood 
and/ or surrounding vessel wall, since the atheromatous 
mass in the occluded blood vessel is preferentially 
heated and softened relative to the vessel wall, the path 
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• „th e ter tip will be naturally confined 
of the advancing catheter tip w 

*w«n t-he blood vessel wall, me 
i„ the lumen, away from the dioou 

i<,*~«de array will usually include at least two 
electrode array wix least 20 electrode 

elec&ode terminals, more usually at lea ? 

h1v at least 36 electrode 

, v*»sel lmen- Accordingly. ttU * 

^t^ly an. p> 

material surrounding the up the 

. i*-onotic- material usxng tne 

* • rtcciud^a blood vertex. A » e 9 * 

central region* of **e conducting . Wire that 

***** is —ally an elec^lly con^ gating 

. *eariS. the guiding means is extensile ^ 

i« Toesifced within and concentric to rae 
; , the catheter afad is located witn* a BO vable or 

catheter conveniently being m "~ ~ ^f!^.. TOe 
f45red ouidewire, usually being a movable guidewire. 
fired guiaewxre, j „*4-ms.v to the common 

elet^e array is disposed proximallyto 

■ ■ . - electrode and positioned 6n or hear the tip of the 

Bach individual electrode in this array is 
, electrically insulated from all other ^e^in the 

, ,^ ^ is connected «^~~^ f £, to the 
connection which limits or interrupts current flowt 

ele^e^ehlbw resistivity -^J^*^"* 
5 causes * lower resistance path between ^ 

electrode and the individual electrode. The tip of the 
eiecrrooe «"» independent electrode 

catheter is thus composed of many xnu . 
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terminals designed to deliver electrical energy in the 
... ..vicinity of the tip. The selective heating of the 
stenotic material is achieved by connecting each 
individual electrode terminal and the common electrode 
5 (e.g. on a guidewire) to an independent power source, . 

. .which may. be a substantially constant current power 
source. The application of high frequency voltage 
, between the common electrode and the electrode array 
. r .,.. results in the conduction of high frequency current from 

10 each individual electrode terminal to the said common 

. . electrode. The current flow from each individual. 
; $lec£rpde terminal to the common electrode is controlled 
: 1^. either, active or passive means , or a combination 
thereof, to selectively heat the stenotic material while 
15- minimizing, the undesirable heating of the blood or the ■ 

vessel wall. 

• .... This invention takes, advantage of T .the 
d^ffj^ence^ ^ between the 

srte^ptic- material* (atheromatous, mass) ,.. blood, and blood 

2 9 ; & ¥*li> PX. vay of; example t \ for any- selected level 

q$ applied voltage, if the electrical conduction path 
between the common electrode (e^g. guidewire) r and one of 
the individual electrode terminals within the electrode 
, } array- is blood or blood vessel; wall teach having a 

f5 . 25 relatively low electrical resistivity) ^ said current 

control means connected to individual electrode will 

, s , . w . , lij^t cnur^ent flow so that the heating of intervening 

blood or blood vessel wall is minimized. In contrast, if 
.the electrical conduction path between the common 

30 electrode and one of the individual electrode terminals 
within the electrode array is atheromatous mass (having a 
relatively higher electrical resistivity) , said current 
.control means connected to said individual electrode will 
alloy ^current flow sufficient for the heating and 

35 subsequent thermal softening or weakening of the 

intermediate atheromatous mass. 
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application of a high frequency voltage 
between the common electrode and the electrode array for 
Spropriate intervals of time substantially weakens the 
selectively heated atheromatous »ass, allowing the 
catheter td penetrate and pas, through the 
thus recanalizihg the blood vessel. Once the^partially 
or fully occluded blood vessel has been opened to allow 
passage of the catheter , the catheter can be advanced to 
position a diction balloon (or other interventional or 
XO diagnostic element) within the occluding »aterial The 

dilatation balloon can then be used for angioplasty 
treatment in a substantially conventional manner. 

Direct ( jouliah) heating of the stenotic 
material by conduction of high frequency current softens 
15 the material over a distributed region. ^ -lume of > 

this distributed region is precisely controlled by the - 
geometrical separation between the common electrode (e.g. 
the guidewire) and the electrode array . The rate ~o* 
heating of the* stenotic material is controlled by tBe 
20 applied voltage level. The use of high frequency current 

for Julian heatihg also minimizes induced stimulation of 
Lscie tissue or nerve tissue in the vicinity of the mass 
being heated, in addition, high frequencies 
risk of interfering with the natural pacxng of the heart 
25 in circumstances where the catheter of the present 

invention is used in the coronary arteries. 

The power applied to the common electrode and 
the electrode array will be at high frequency, typically 
between about 50 kHz and 2 MHz, usually being between 
30 about 100 kHz and 1 MHz, and preferably being between 

about 200 kHz and 400 kHz. The voltage applied will 
usually be in the range from about two volts to 100 
volts, preferably being in the range from about «~ 
volts to 90 volts, and more preferably being in the range 
from about seven volt, to 70 volts. Usually, the voltage 
applied will be adjustable, frequently in response to a 
temoerature controller which maintains a desired 
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temperature at the interface between the electrode array 
and the stenotic material. The desired temperature at 
the interface between the electrode array and the 
stenotic material will usually b& in the rarige from about 
5 38°C to 100*C, more usually fiaA about 38 # C to 80°C f and 

preferably from about 40* C to* 70 # C. 

A particular advantage of the present invention 
is that tie heating means cah be configured to a wide 
range of catheter sizes appropriate 1 to ttifc particular 

10 size of the occluded blood Vessel or other libdy lumen or 

cavity being recanalized, typieaily ih the range of 
diameters from 6.04 to 0.4 iiickie^r The present invention 
can also incorporate a ^ui^iwitia which can function as 
both £ means for controlling ah# r '"<jrtiiding the path of the 

15 cathetef in the conventional liMiiex, is veil as to 

concentrate the thermal power ietisity dissipated directly 
into the stehbtic iiter ial by serving as the common 
eiecttdde.:-' - \ i" r :"-'~' 

;^ : ; Th^S^^^^^VP^^ sburce of the present 

20 invention^*!* deliver a high^it^enb^ Vdltige selectable 

to generate power levels rangiiig: Crom several milliwatts- 
to 50 watts, depending on the size 6f the stenotic 
material being heated, the size bf the blobd vessel being 
recanalized/ and the rate of advancement bf the heating 

25 means through tihe stenbtib material . The power source 

allows the^usex: to select the voltage level according to 
the specific requirements of a particular angioplasty or 
other procedure. 

The power source will be cxirreht limited or 

30 otherwise controlled iso that undesired heating of blood, 

blood vessel wall, and other low electrical resistance 
materials does not occur. In the exemplary embodiment 
described belbtf; ctirreht limiting resistors are placed in 
series with each Independent electrode, where the 

35 resistor is •siied 1 to provide an at least equal, and 

preferably greater , resistance than Would normally be 
provided by the stenotic jaater*ial. Thus, the electrode 
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sees a substantially constant current source so that 
power dissipation through a low resistance path, e.g. 
blood, will be substantially diminished. 

As an alternative to the current l^ing 
resistors, a controlled power supply W Jj^ 4 
vhich interrupts the current flow to an i^** 1 
elict^de in the array when the resistance between that 
electrode and the common electrode f alls below a 
££U level. The control .could be ^ 
" placing a switch in series with each electrode where the 
' ^tch i,..turn^.V^ otf based on the sensed current 
flow through the electrode, i.e. when the current flow 
!^ed7a preselected li»it, the switch would be turned 
off^cur^ 



off. The curr«»w *— * r ■. ^ • - Qf ^^actore 
and preferably would be. preset at the time or 

ofthe power source: Current f low cguld be ******* 

sensed and reestablished when the 

resistance is again present. Pedicular control _syste» 

20 the skill in the art. ^ i» 

in an exemplary embodiment as shown in 
Figure 1, a catieter iP includes a Rewire ^6^ich 
^ funSiU both am aWfor ^ the 

the intended pos^ion, as vel^ A ^ ^' 
25 The entire guidewixe may be ; an ele.^ ,or^t«y 

contain an electrode. Referring to Figures l and 2, the 
catheter 10 also includes an array of electrodm 
terminals 18 disposed on the distal tip 12 of 
catheter 10. The e^e terminals 18 are 
isolated from each other and fro. the W^^f^. 
16. Proximally from the tip 12, the catheter lO^inclu 
4 a conventional dilatation (angioplasty) 
Z generally concentric with the shaft of the catheter 10. 
?en 1 fj ■ „„,. , each of the terminals 

Still referring to Figures 1 and 2, each or 
35 xs is connected to the impedance matching network 22 by 

Lns of the individually insulated conductors 52. The 
p^ai portion of the catheter 10 is also equipped with 
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the fluid port 24 communicating with balloon 20. The 
guidewire is axially movable in. an electrically 
insulating guidewire lumen tube 46, said lumen tube 46 
being contained in, and concentric to, the catheter 10. 
5 The proximal end 42 of the guidewire is sealed against 

fluid leaks by a fluid seal 28. The proximal portion of 
the catheter 10 also has a connector 26 fqr providing the 
electrical connections to the matching network 22. 

A power source 32 provides a high .frequency 
10 voltage to the electrode terminals 18 by means of a cable 

, 38. connectable to the connector, 26,.. The. power source 32 
has a controller 34 to change the applied voltage level 
as well as a selector 36 for selection of the highest 
temperature at the tip 12 of the catheter 10 during its 
15 ,, use, as explained later. Finally, the proximal portion 
^ of the guidewire electrode 42 . is connected tc? the power 
source- 32 by a detachable: connecter 30 and; cable 40. 

In ^ h f>.. embo diment-shown in Figures 1, 2, and 3, 
temperature, sensors 48 are provided in the d^§ tal tip 12 
20 of the catheter, 10, typically thejj^iiocouple pa^s (e.g. 

chromel; and alumel) . said temperature sensors 48 and 
connected > to .the power- source -32 by thermocouple, wires 50 
\ extending the length of the catheter 10 and by . the cable 
38 connected through the connector 26". The temperature 
25 sensors 48 at the ti$ 12 of the catheter 10 are connected 

to a feedback control system in power source 32 to adjust 
the power output so that the user selectable temperature 
is not exceeded during the use of " the catheter in 
recanalization of an occluded blood vessel . Power output 
30: ...... could be controlled by any conventional technique, such 

as control of voltage, current, duty cycle, or the like. 
The selectable temperature is selected by the user by 
. , adjusting selector 36 provided in the power source 32. 

Referring to Figure 2, the distal Jtip 12 of the 
35 catheter 10 of the preferred eiabodiment contaijis the 

exposed terminals of the electrode terminals 18 and the 
temperature sensors 48. The terminals 18 and temperature 
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ors 48 secured in a Matrix of suitable insulating 

tapered tip 12 , tne ._ rket 44 0 f 

wires 52 are contained in a jacket 44 or 
electrode waxes catheter 10. 

electrode terminals 18 are electrically ins 
each otter a^ from temperature sensors 48 and are 

potion of «. carter 1. "J-^J^^ L.-— 

optionally «6»ds the o££Mt M u 

to orovide a minim* reparation bat»eon ™ 

least 0.15 inches, and soaetames Dexn 9 

9reatfer - Wgure 4 illustrates how the catheter 10 can be 

58, and the catheter ±» n^vt the 

i6 to contact a leading edge of the plaque. Next 

fluoroscopic guidance, expose* ^. 4w#T 

guldevire vbich is ^f"^^^ tip 12 

Referring next to Figure S, tne 
of the catheter 10 comprising the array of electrode 
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terminals 18 is urged against the atheromatous plaque 58. 
A high frequency voltage is applied between the common 
electrode on guidewire 16 and each of the electrode 
terminals 18. The resulting electrical current flows 
between the said common electrode 16 and ..the electrode 
terminals 18 through the atheromatous plaque 58 , as 
illustrated by current flux lines 62. Due to the 
electrical resistance: of the- atheromatous - plaque 58 - the 
localized current flow heats the plaque 58 in a zone 64. 
The localized heating is adjusted by varying the level 
and, .duration . of the high frequency voltage. . 

The tip offset 14 maintains a minimum distance 
between the electrode 18 and the common electrode 
(guidewire) 16. The zone of -heating 64 within the plaque 
^-58 is defined by the boundary of the current flux lines 
62. The atheromatous plaque material softens in the 
heated zone 64 ^ which .facilitate the forwards axial 
advancement; of. the cathetei^^tip 12 through said heated 
zone . - Said ; moyeme^ effects, the 

:v : displacement of the plaque material, thereby recanalizing 
(creating an opening through) the previously occluded 
r ^v ; blood vessel 56, , The catheter 10 is advanced through the 
softened plaque until a channel is created in the 
occluding mass.. Th^. catheter 10 is,: withdrawn leaving a 
vessel recanalired allowing an, improved flow of blood, 
therethrough. 

. After the catheter 10 has been advanced through 
■the heated plaque, 1* necessary, the balloon 20 can be 
inflated with appropriate fluid to appropriate pressures 
to effect conventional angioplasty. 

There are situations where a guidewire cannot 
: be completely advanced, across a stenosed region 58, as 
illustrated in Figure 6. In such cases, the common 
electrode (guidewire) 16 is partially penetrated into the 
atheromatous plaque 58 • to the extent possible. The 
array of electrodes, 18 is contacted against the wall of 
plaque 58* , and the tip offset 14 creates a minimum 
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l-^mio i fi and the electrode 
• *Ke common electrode xo aw 

spacing between tne cauuu "' 

array so that some heating of plaque will occur. The 
catheter 10 and the common electrode 16 can then be 
Sterhately advanced until a channel is cheated through 
the entire region of plaque 58'. Once again, 
conventional balloon angioplasty can be P^°™*™« 
the balloon 20, in its deflated positron, has been 
advanced across the plaque 58'. 

A central aspect of the present invention is 
, the ability of the catheter 10 to deliver electrical^ 

enefcgy effectively only to the intended areas, i. e. the 
.therLtous material, ahd not to the blood or the blood 
vessel, such directed energy transfer results in 
selective heating of the atheromatous material which 
allows the catheter to be -self-gUiding- as described , 
above. When the tip .12 of the catheter 10 is pressed 
against a tegioh of stenotic material, some^of the 
electrode terminals 18 will be in contact with atheroma, 
while othet electrode terminals «y be i-^tact^lth 

72\. Each <* t*. f .Tr 

„ metrical ***** -*» *• "^T^ir 

invention takes advantage of the fact tnat 
resistivity of typical atheroma is higher than that of 
ntobd or blood vessel wall, runs, if the current passing 

each of the electrode terminals - is lifted to 
a substantially constant value, the regions of 
electrical resistivity will generate more 
(power- - I*R, where I; is' the current through resistance 
R, than a region of lower electrical resistivity. 
Therefore, the atheromatous plaque of 

will be selectively heated up while the blood and blood 

1 M ^.^1lm••^i»••'■ iAJ ** lrl *•' i,l ■ 
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temperature . Thus , the catheter will selectively advance 
through the atheroma which has been heated and softened. 

The heating selectivity of the present 
invention is accomplished by selecting the electrical 
5 resistance of the various components which* comprise the 

pathway of the electrical current 62 between the common 
electrode (guidewire) 16 and each of the electrode 
terminals 18 in the electrode •> array located at the tip 12 
of the catheter 10. By way of example, the electrical 

t0 : - resistivity of blood at body temperature is in the range 

? from 148 to 176 Ohm-cm at a frequency up to X20 kHz 

(Geddes et alV (1967) Jfed. Biol . Eng. 5:271-293) . The 
electrical resistivity of human cardiac and skeletal 
muscle (which approximates the structures of the blood 

15 vessel wall) is in the range of ioa to 456 Ohm-cm at 

frequencies in the range 100 t a- 1000 kHz.: ^Geddes et al. 
(1967), supra). 

- : . in centrist,: atheromatous mass generally 
resembles fat-lik^^ejk>stite$and. contains^chpiesterolr- • 

20 lipids; and lipidophages. Based on its primarily fatr 

like composition, the atheromatous mass has a relatively 
high electrical resistivity as compared with blood* The 
electrical resistivity of fat^like substances in human 
hA^ been reported in the range of. 2,000 to 3*000 Ohm-cm 

is «e frequencies ranging from 100 to 1,000 kHz (Geddes et 

al.j : (1967) supra) . This invention utilizes the 
inherent two to ten fold difference in electrical 
resistivities to selectively heat the atheromatous plaque 
in a blood vessel. 

yo > Each of the electrode terminals 18 is connected 

to an individual source of current by means of wires 52. 
A current limiting network providing the controlled or 
constant current, as described above , is contained in a 
junction box 22. The network can be composed of either 

35 active or passive electronic components to perform its 

intended function. By way of example, and not intending 
to limit the scope and spirit of this invention, a 
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.„„„_ 4- iuas trated in Fig- 9- Referring ■«■» 

L^astn* electron ««i»ls »• N* rearetor » 
™^ted bet«e» a power source 32 (by the connector 26 
tTLi. 3B, end tn. cerresponoin, rte-ro*. tercel « 



10 



15 



20 



fbv ^ 52) . The current will be mainlined 
^y co^t so lo,g as each resistor ^ce 
^iciently hioher than the load imp^ ^itable 
resistor values will be in the range fro- 500 0 to 
Z£ a, usually being in the range- fro. 1,000 n to 
25,000 n r preferably being in the range from 3,000 n to 

15,000 fl. ^ re£e?3ring t& pigs . r and 9, each 
electrode terminal 18 is connected to a load represented 
bv the atheroma, blood, or blood vessel wall. More 
Z££* - — i-Pedance „ of the ^oma^s 
^ ^ » ^w-, impedance 76 of plooa is 

,x j u-^nen fho nroxinal end of the resxswi 
voltage, applied between the pro**-" 

netwoL Z and the common ^^ ^^^ 
The expected power delivered to each of the 

w» <«vi and vessel wall tissue) can 
loads (i.e. atheroma, blood and ves Afferent 
be calculated based on exemplary values tor w» 
parameters as enumerated below: 

p 1.66 mm 

dumber of Electrodes Terminals 18 

35 sir. tn. » tip- f « _.. 10 . 0 oo one. 



Catheter diameter (5 French), ^ 

d 0.004" dia. 

PliB Ve»*e *~ : r ~ 

Resistance of the network resistor 72, R ^ ^ ^ 

Ixpedance 74 of atheroma, A 
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Impedance 76 of, blood, B 200 Ohms 

impedance 78 of vessel wall, W 500 Ohms 

Applied voltage from source 32 W: 40 Volts, RMS 

5 calculated power dissipation per electrode in: 

Atheroma 2? milliwatts 

Blood 3 milliwatts 

Vessel Wall 7 milliwatts 

10 : ■ calculating power (I 2 R) from the above, the, 

v power dissipation in the atheromatous plaque is 
- . approximately . ten times that. In blood, and four times that 
vV. in blood vessel wall respectively . Taking into account 
< ttoevheat -capacities^ 
15 temperature in the atheromatous plaque will be 

considerably greater than in the blood or blood vessel 

- wall* ~v 

. The desired temperature -rise of the 

atheromatous plaque^ to >e£fect.,des^ 

20 of the order of -10° to 60*. Bas/sd.pn the above r • 

calculation, a 10* to 60 »C increase in the temperature of 
the atheromatous plaque using the apparatus and method of 
the present invention will result in_a corresponding rise 
of blood temperature in the range of ,1»C to 6'C caused by 

25 the^ current flowing directly through, the blood. 

Once a sufficient temperature rise is 
accomplished in the atheromatous plaque, the mechanical 
strength of the said mass is substantially reduced in the 
localized region surrounding the tip 12 of the catheter 

30 10.- This allows the catheter 10 to be advanced 

incrementally through the plaque by applying a 
longitudinal force on the portions, of the catheter 10 
external to the patient. This force is transmitted along 
the length of the catheter 10 to the tip region 12 to 

35 create a "boring pressure" sufficient to penetrate the 

plaque 58. As the blood vessel wall is not equivalently 
heated or softened, the catheter will preferentially 
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advance through the plaque 58 following * path of its own 

Creati ° n " The method of oontrblling, the. heating^ the 
thermally assisted angioplasty catheter of this invention 

*obe apc^li^ed by 
»echanism. The temperature of the atheroma xn contact 

-with the tip 12 is sensed hy temperature sensing elements 
such as means of thermocouple pairs (Pig. 3) 48. A 
feedback control loop contained in the power source 32 
allows the adiustment *f the necessary voltage applxed so 
that th* required temperature rise in .the atheroma « 
accomplished. Conversely , by continuously monitorxng the 
, - L^ature of the atheroma- being.heated, the approbate 
voyage level is' continuously maintained such that the 
user-selected temperature is never exceeded. * 

While the above description provides a full and 
complete disclosure of a preferred embodiment of the 
invention, various modifications, ^ 
cons^t^^ equivalents may be employed. For 
example, the p^wer could be communicated to the _ 
t Erodes by wi.es imbedded in the catheter wall^ Also, 
the temperature sensing may be achieved using fxber 
^ieTwith infrared Sehsing technique, a thermocouple, a 
ttKsrmistor or other temperarure sensing means. 
Alternatively, by proper selection of metals used for 
(1) multiplicity of electrodes and leads (e.g. 
constantah) ahd (2) guidewire (e.g. steel), each 
individual electrode can function a* a thermocouple in 
function with the singular guidewire. The measurement 
of the direct current voltage between the guxdewxre and 
r*e multiplicity Of electrodes indicates 
temoerature which occurs at any - location on ^ catheter 
ti^ This information can then be used in the feedback 
control Ibbp as described above to assure an -P«ved 
r Supper Lit on the op**.*** t^ratur. dur»g the 

use of the apparatus of the present invention. 
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A more preferred embodiment: of the catheter of 
this invention is shown in Fig- 10. In this embodiment, 
the catheter 80 is substantially similar in construction 
to that of Fig. 1,, except that a second electrode 82 is 
5,. provided for on the body 84 of the catheter shaft instead 

of the guidew ire being the second electrode. During use 
of the catheter 80 in therapy, this second electrode 82 
is intended to be in electrical contact y:Lth the blood in 
the artery. The location of the second electrode 82 is 

10 shown to be near the proximal end gf £he catheter 80 , but 

could $lso be disposed, norft distally. 

Still referring to Fig. 10,. guidewire 86 is 
connected to the current-limiting pircui^ in power 
source 94 in a manner similar to the v electrical 

15 S1 connection of:, tip electrodes. 90. During, use of the 
- • catheter. 80 , tl^e guidewire 8 $ becomea .an additiona 1 
elec^^r VPX^^hg irfc .conjunction with t£e other tip 
electrodes. In this embodiment, no off set between the 
guidewire 86 and , ^e; ej^ 

20 , Ref erring now to Fig^ JL1, the c?itiieter 80 i? 

advanced over $he guidewire 86 to the ^ite of a total 
, ocplusion 88 in th^ ^rtery 89. ? The eiepttrpde array 90 
and the guidewire 86. are connecte^d to the pqwer source 94 
(Fig. : 10) •>• and the second electrode 82 is connected to an 

25 opposite polarity terminal of the power soufce - By 

applying power to the electrodes 90 and 82, current flux 
lines 92 are formed and distributed in the occlusion 88. 
, The highest current density, exists at the immediate 

vicinity of the tip electrode array 90 f thereby producing 

30 ; maximum heating of the atheroma in contact with the 

catheter tip. A return path for the electrical current 
from the tip electrodes 90 to the second electrode 82 is 
def ined througfji the blood in the blood .vessel, the blood 
vessel wall, and/or the surrounding tissue. However, the 

35 current is most likely to flow through the blood and 

blood vessel wall as these components have much lower 
resistivity as compared to other body tissue. The second 
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second electrode, through, the temperature 

" «» Cnrr ' nt 1 P ;r i : thereby »f renin, 

ot a.'*!-*.---" " ItL 4.0 guld«ir. .6 is 
the uoclusion. Ju-t* 

• si^E^r- ^ — — 

- catheter through even though it is heate 

though the plaque, ^^^f^^ated in Fig. 
system of the present xnvention is ill 10 
12. The catheter 10 of Fig. 1 or cathet era 
is placed in a sheath catheter 96. The distal end 

w Lti catheter 96 includes one or a plurality of 
sheath catheter 96 inflatable balloons. The 

» ending means 98, such as ^udes the 

proJ ei*al end of the Sheath Mt ^^^ ai ^ 

ports. The shaft of the sheath catheter 96xncl 

pessary lu*en<s) for ^^S^ "- 

The purpose of the sheath ca^ while in 

provide an anchor for the ~* ^ter 
use. specifically referring ^'^^V?, W ^ ^ 
system (comprising of the sheath catheter 96 and 

^ catheter 10 or 80, is t^^^'Jl*^ 

30 CSII^ position 

and the sheath catheter ^xs occlusion . ,-ain 

i„ the blood vessel proximate to ™ sheath 
carter 10 or 80 is then ^^^^ catne ter 
catheter 96 against through 
Vio 90 is then energized, and mra 

35 tip *° xs - - . catheter 96 with 

- softeneu ethUr~e. Jhe sh^h cethe 

inflated balloon(s) 98 thus serves » 
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assisting in the advancing of the main catheter 10 or 80 
through the occlusion 102. 

. Although the foregoing invention has been 
described in detail for purposes of clarity of 
understanding! it will be obvious that certain 
modification? ^aay .be? practiced within the scope of the 
appended, claims* 
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la CT ^TfffiP is: 

, v A catheter system comprising: 

a' catheter body having a proximal end and a 

: ~L electrode array disposed near tbe dist end 

electrically isolated electrooe 

contact surface; 

a common electrode; and 

means for applying a high frequency voltage 
between the electrode array and ^J^^f^' 
wherein current flow to each electrode terminal is 
wnerein cu* . response to changes in 

individually controlled in respon 

i^edance between the electrode terminal and the cam ^ 
electrode. 
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2 . X catheter i» ~£ l^" 1 " 

co»on elected, is di.po.ed «n th. cathe«r body 
proxtaally ol'the electrode erray. 

,. K catheter syete. a. in oUta 1. 
coaaon eiectrcd. c~pri.ee a wire extendi*, dietaiiy 
from the catheter body. 

4 . A catheter system as in claim 1, wherein 

a -™.nrises means for external 
the common electrode comprises me« 

attachment to a patient's body. 

5. A catheter system as i" claim 1 further 
comprising an interventional element disposed proximally 
of the electrode array oh the catheter body. 

6 a catheter system as in claim 5, wberein 
the interventional element comprises a dilatation 
balloon. 
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7. A catheter system as in claim 1, further 
comprising means for measuring temperature disposed near 
the distal end of the catheter body, , 

5 8. A catheter system, as in claim 7, wherein 

the means for measuring^ temperature comprises a plurality 
of temperature sensing elements disposed within the 
electrode array. 

10 9 . A catheter system as in claim* 7 , whereby 

the means for applying the hd^gh frequency voltage 
comprises, means for cpntroll^g the voltage. based on the 
temperature sensed by the temperature sensing means. 

15:.: : , 10. 3 A .catheter ^ syst^ a% in. claim 1, further 

comprising means for individually limiting, current flow 
through each electrode terminal in order to control 
current , f low* 



35 



20 . 11. , A catheter system < as in claim 10, wherein 

the neans for limiting current flow comprises a plurality 
of current limiting resistors located within the catheter 
body, with at least one resistor connected to each 
electrode terminal- : . 

25 4. . -: -v-.vV. .. ;'. ;,- . • • ... ■ " • : 

12 ^ A catheter^ system as in claim 10 , wherein 
the means for limiting current flow comprises a plurality 
of current limiting resistors located within the voltage 
applying means, wi±& at least one resistor connected to 

30 each electrode terminal. 

13 w A catheter system as ip ? claim 1, wherein 
the contact surface is a tapered -surf ace at the distal 
end of the catheter body. 



14. A catheter system as in plaim 13, wherein 
the tapered surface is of nosecone configuration. 
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15. A catheter co»prising: 

a catheter body heving a proximal end, a distal- 

end, and a guidewire lumen; ^ _ 

an electrode array disposed near the distal en 

of the catheter body, said array including a plurality of 
Isolated electrode terminal* disposed over a contact 

SOrfaCe; means for connecting the isolated electrode, 
terminals to a high frequency power supply; and 

a plurality of current lifting ~sistors- with 
1 <h series between each 

at least one resistor connected in series 

electrode terminal and the power supply. 

16 . a catheter as in claim 15, wherein tne 
c^ent lining resistors are disposed in the catheter 
body. ' 

17 . A catheter as in Claim 15, wherein the 

«,^ ltina resistors are disposed in the high 
current- l^tongjesisto^ of sectors *re 

frequency power supply *^ P J or TOmectijig the 
disposed in the catheter body for conn 
resistors to the power supply. 

18 A catheter as in claim 7 1^ further 
25 comprising" interventional 

of the electrode array ort the catheter body. 

, ' A catheter as in claim 18, wherein the 
, v arises a dilatation balloon, 
interventional element comprises a<^ 

20 . A catheter as in claim 18, father 
Rising means f o* meaning temperature disposed near 
the distal end of the catheter body. 

.eane for measuring temperature comprxses a plurax 
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temperature sensing elements distributed within the 
electrode array. 

22. A catheter as in claim 15 , further 
5 comprising a movable guidewire slidable disposed within 

the guidewire lumen, wherein said guidewire is 
electrically isolated from the electrode array and 
includes a common electrode and means for connecting the 
common electrode to a high frequency power supply. 

23.. A catheter as in claim 15, further 
comprising a common electrode disposed on the catheter 
body proximally of the electrode array. 

15 24. A catheter in claija 15^ wherein the 

current limiting resistors have a resistance in the range 
from 500 n to 50,000 n. 

, . . A .25* A catheter as in claim 15, wherein the 
2?. „ electrode array is disposed oyer a tapered surface at, the 

distal end of the catheter body. 
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26. A catheter as in claim 25, wherein the 
tapered surface is of nosecone configuration* 



27 . ^ A catheter, system comprising 
a catheter guide having a proximal, end, a 
distal end, a lumen therethrough, and a common electrode 
disposed on an eicterior distal surface; 

30 a catheter body disposed within the lumen of - 

the catheter guide, said catheter body having a proximal 
end, a distal end, and an electrode array disposed over a 
contact surface at the distal end, said electrode array 
including a plurality of electrically isolated electrode 

35 terminals; and 
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^ tor individually coanfcctiw the «"«r°*> 
tOTiM ls » . hi* «~— p=»r WIT — 
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contacted by the electrode array and electr 
to the common electrode- 

28 . A catheter system as in claim 27, wherein 
the catheter guide comprises an inflatable balloon 
disposed hear its distal end. 



29 . A catheter system as in claim 27, further 
Rising a guidewire received ^^^^ 
the catheter body , wherein the guidewire is electr 
coupled to the electrode array. 

30. A catheter system as in claim 27, w^e^ 

limiting resistors connected in P^ al ^\ of ^ 

individual electrode terminals and a commo F» 

power supply* ... n 

31. X ctb.«r « 

jw R pd in the distal 
the current limiting resistors are disposed xn 

end of the catheter body. 

32. A catheter system as in claim 28, wherein 
the contact surface is tapered. 

33. A catheter system as in claim 32, wherein 
the tapered surface is of no^econe configuration. 

34. A method for applying energy to a surface 
in a body lumen, said method comprising: 
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contacting the patient with a common electrode; 
positioning the catheter within the body lumen 
so that an electrode array including a plurality of 
isolated electrode terminals contacts the surface; and 
5 applying high frequency voltage between the 

common electrode and the electrode array, wherein current 
flow through each electrode terminal is individually 
controlled; 

whereby the surf ace is heated by the flow of 
10 current tetween. individual electrode terminals which , 

contact the surf ape and the common electrode . . 

35. A method as in claim 34, wherein the 
common electrode is contacted, as part of a guidewire. 

.36. A method as in. cl i ajym:.,a7#, . wherein the 
catheter is positioned over th^ guidewire. 

20 common electrode is, contac^ed^ agai^t ,J*e patients skin • - 

38. A method as in cl^fm 34 r wherein the 
common electrode is disposed within the body lumen to 
form a conductive path through a fluid within the body 

25 lumen. 

39. A method as in claim 34, wherein the high 
frequency voltage is in the range from 50 XHz to 2 MHz 
and the voltage is in the range from two volts to 100 

30 volts. 



•5 

35 



40. A method as in claim 34, further 
comprising measuring temperature at an interface between 
the electrode array and the surface region. 
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4 i ; - A method as in claim 40, further 
, Rising foiling the applied Voltage based on the 
aeasurbd interf ace temperature ^ ...... 

42. A method as in claim *4, wherein the body 

crises a blob d vessel and the surf ace is an 
lumen comprises a dxw« . 
occluded «oion coeprisino stenotic »et«rtal. 

» ..tnod e» In elai. 42, torther 

material. 

«4 A Mthod as in clain 43, further 
^iain, advancing an intervention*! ^'J^*' 
^ed openin, and tr«.tin, t»e oc=l Ml o„ with the 
interventional element- 

45. » .ethod » ** " Mr,in **! 

.«Mi*<tf l M»l> an erpahdahl. ball** and 
^.tin, c«*ri«- expendin, the helicon -ithxn the 
enlarged opening • 
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